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In this study, severe plastic deformation through high-pressure sliding (HPS) was applied for in situ high-energy X-ray diffraction analysis
at SPring-8 in JASRI (Japan Synchrotron Radiation Research Institute). Allotropic transformation of pure Ti was examined in terms of
temperatures, pressures and imposed strain using a miniaturized HPS facility. The true pressure applied on the sample was estimated from the
peak shift. Peak broadening due to local variation of pressure was reduced using white X-rays. The phase transformation from ¡ phase to ½ phase
occurred at a pressure of ³4.5GPa. Straining by the HPS processing was effective to promote the transformation to the ½ phase and to maintain
the ½ phase even at ambient pressure. The reverse transformation from ½ phase to ¡ phase occurred at a temperature of ³110°C under ambient
pressure, while under higher pressure as ³4GPa, the ½ phase remained stable even at ³170°C covered in this study. It was suggested that the
reverse transformation from the ½ phase to the ¡ phase is controlled by thermal energy. [doi:10.2320/matertrans.MT-M2020314]
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1. Introduction
Recently, it was documented in a special issue ofMaterials
Transactions1,2) that mechanical and functional properties
are significantly improved by imposing intense strain through
severe plastic deformation (SPD). The application of the
SPD process was mostly to metallic materials as found in
many review papers3­12) but, if the process is operated under
high pressure using the method called high-pressure torsion
(HPT),13,14) the application is extended to less ductile and
hard-to-deform materials15­18) including intermetallics19,20)
semiconductors3,21­24) and ceramics.25,26) Consolidations of
powders, chips and layers are also possible with the process
of HPT so that the application is further extended to synthesis
of bulk materials.27­51) It is also possible to utilize high-
pressure phases to produce functionalities.50­54)
The HPT process was pioneered by Bridgman in the early
1900s,13,14) where a disk sample is placed between upper
and lower anvils and intense shear strain is introduced by
rotating one anvil with respect to the other under high
pressure. The Bridgman’s idea of the rotation was recently
modified to reciprocation of the anvils as illustrated in
Fig. 155) so that intense shear strain was introduced to a
rectangular sheet sample with the same principle as the HPT
process. This process is called high-pressure sliding (HPS)55)
and applied to many metallic materials56­59) including
powder consolidation.60) It was shown that this HPS process
was applicable to rods61­64) and pipes.65) Furthermore, it was
combined with sample feeding so that the SPD-processed
area is upsized.66,67) Such developments were intended for
practical applications of the SPD process as described in a
recent overview paper.68) In this study, the HPS process is
rather downsized for in situ X-ray analysis in a synchrotron
facility during operation under high pressures and elevated
temperatures.
The property improvement using the HPT and HPS
processes is attributed to a high density of lattice defects
generated during the processes.69­71) Microstructural analyses
are then indispensable for understanding the roles of the
lattice defects and for clarifying the mechanisms involved
in the improvement of the properties. In particular, in situ
analysis is required at elevated temperature and/or high
pressure as the structures may changes during heating and/or
cooling the temperature, during loading and/or unloading
the pressure, and during straining by the HPT and HPS
processes.
In situ X-ray analyses under high pressures and high
temperatures are often conducted with diamond anvil cells






Fig. 1 Principle of high-pressure sliding (HPS).
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in hydrostatic conditions, but for the case of DAC, plastic
deformation was intentionally introduced by rotation of one
diamond anvil to the other, following the Bridgman’s idea,13)
Blank and co-workers are the first to generate shear strain
using DAC,77,78) and extensive studies with straining by
DAC were carried out by Levitas and coworkers79) and most
recently by Nomura et al.80) For the case of multi anvil setup,
two differential rams were incorporated in the upper and
lower guide flames so that generation of plastic strain up
to 30% was feasible.81,82) Plastic strain was also introduced
using a rotational Drickamer apparatus for the in situ
examination, which were designed to examine creep behavior
of geological materials under high pressures and high
temperatures,83­87) with a basic principle involved in the
Bridgman’s idea.13) There was an attempt88) where a direct
illumination of high-energy X-ray was made on steel anvils
for HPT while a Cu sample in the anvils was being processed
by the HPT, but the analysis required deconvolution of the
Cu signal, due to overlapping, from the signals emanated
from the anvils.
In this study, we examine a transformation behavior of
pure Ti using the HPS process developed for in situ high-
energy X-ray analysis under high pressures and elevated
temperatures. According to the temperature-pressure phase
diagram in Fig. 2,89) Ti is stable in ¡ phase with a hexagonal
close-packed (hcp) structure at ambient condition, and
transforms to a simple hexagonal ½ phase under a high
pressure. This allotropic phase transformation was well
recognized by Bridgman90) and confirmed by Jamieson,91)
and now many reports are available for this phase trans-
formation including reverse transformation from ½ phase to
¡ phase.92­107)
The objective of this study is two fold: first, an in situ
XRD analysis under high pressures and elevated temper-
atures is developed using the process of HPS for the first
time and second, the transformation behavior of pure Ti is
examined in terms of temperature, pressure and straining.
2. Experimental
2.1 HPS facility for in situ X-ray analysis
Figure 3 illustrates (a) a cross sectional view and (b) a
plan view of an HPS assembly for in situ X-ray analysis. The
















































Fig. 3 Schematic illustration of in situ high-energy X-ray analysis using HPS process: (a) cross-sectional view and (b) plan view.
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containing heaters capable of heating up to 200°C. A
ceramics anvil with 10mm cube made of a compound with
SiC and diamond powders was embedded in each of the
tool-steel block as illustrated in Fig. 3(a). A groove with
1mm width and 0.2mm depth was made across the center on
one side of the cube for holding a strip sample under a semi-
constrained condition. Strain was introduced by sliding the
lower anvil with respect to the upper anvil with a speed
0.1mm/s for 1mm under a maximum load up to 60 kN. The
sliding was made towards the direction at 45 degrees from
the incident beam direction. An equivalent strain of ³2 is
introduced through this process.
2.2 In situ X-ray analysis using HPS facility
In situ X-ray diffraction (XRD) analysis was carried out at
BL04B1 of SPring-8 in JASRI. The HPS-processing unit
described in Fig. 3 was set on guide blocks in the pressure
application system named SPEED-Mk.II installed in the
BL04B1 X-ray hutch.108) The HPS unit was used with the
pressure and stage controls while replacing a multi anvil
setup originally set in the SPEED-Mk.II. A schematic
illustration for the in situ X-ray analysis is shown in Fig. 4(a)
and (b) for the cases of monochromatic and white X-rays,
respectively.
For the former case, a strip sample with dimensions of
1 © 7 © 0.5mm3 was placed between the anvils and was
illuminated with a beam energy of 60 keV. The area of the
X-ray illumination was selected to be 0.2 © 0.2mm2 and
X-ray diffraction was recorded for a duration of 1min. by
a CCD (Charge-Coupled Device) camera. The diffraction
images were then processed such that the diffracted
intensities were integrated around the incident beam direction
at the equal distance (i.e. at the equal angle) from the center
of the image. The intensity profile was then depicted as a
function of the diffraction angle. The camera length was
determined by acquiring X-rays using ceria (CeO2) particles.
For the latter case, white X-rays with beam energies of
20­150 keV were used, and only the X-rays diffracted at
the mid width of the strip sample was collected using a
collimator and detected by an energy dispersive Ge-type solid
state detector (Ge-SSD). The collimator and the detector were
located along the direction at an angle of 6 degrees from the
incident beam direction. X-ray acquisition was continued for
3min. and X-ray signals for those fulfilled the diffraction
conditions were recorded as a function of X-ray energy.
2.3 Sample preparation
A pure Ti sheet (99.94%) with a thickness of 1mm was
cut into strips with dimensions of 1 © 7 © 0.5mm3 and they
were annealed at 800°C for 1 hour in vacuum in order to
examine the transformation behaviour from ¡ phase to ½
phase. For the examination of the reverse transformation
from ½ phase to ¡ phase, the pure Ti sheet was also cut into
disks with a diameter of 10mm. All disks were annealed at
800°C for 1 hour in vacuum and were processed by HPT at
room temperature under a pressure of 6GPa through 4 turns
with a rotation speed of 0.25 r.p.m as described before.99,107)
For in situ X-ray diffraction (XRD) analysis, strip samples
with dimensions of 1 © 7 © 0.5mm3 were cut from the
portion far away from the disk center. Each strip was placed
in a groove for the analysis as illustrated in Fig. 3 and Fig. 4.
2.4 Microstructural analysis
For transmission electron microscopy (TEM), the strip
samples after HPS processing were cut to 3mm lengths at
the center parts and were mechanically ground to thicknesses
of 0.15mm. They were further thinned for TEM using a twin-
























Fig. 4 Schematic illustration of in situ high-energy X-ray analysis using HPS process: (a) for monochromatic X-ray and (b) for white
X-rays.
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25%CH3(CH2)3CCH2CH2OH and 5%HClO4 under a voltage
of 10­20V. Microstructures were observed using a Hitachi
H-8100 transmission electron microscope at an accelerating
voltage of 200 kV.
3. Results
3.1 Transformation behaviour during heating under
ambient pressure and higher pressure
Figure 5 shows X-ray profiles for samples at the as-HPT-
processed state before heating and at the states during
temperature increase to 170°C including the state after
cooling to room temperature. The sample at the as-HPT-
processed state contains a large fraction of the ½ phase. This
½ phase peaks decrease as the temperature increases. The
transformation to ¡ phase began to occur at ³110°C. The
transformation further proceeded until the temperature
reached ³140°C, and little fraction of the ½ phase remained
after heating up to ³170°C.
The transformation behavior under loading of 50 kN
(corresponding to a nominal pressure of 7GPa) is shown in
Fig. 6. It is found that the behavior is clearly different from
the one under ambient pressure in Fig. 5. The fraction of
the ½ phase remained unchanged even after heating up to
³170°C. The presence of the ½ phase was also confirmed
after cooling to room temperature and after releasing the
pressure (unloading). The peak shift occurred because of the
application of the pressure. Close analysis revealed that the
real pressure applied on the sample was ³4GPa as discussed
later. It should be noted that diamond (111) peaks are visible
in the X-ray profiles and this is because the space between
the upper and lower anvils was reduced due to the loading so
that the X-ray now illuminated on the sample together with
the anvils. It should be also noted that the presence of the ¢
phase was not expected for the conditions of pressure and
temperature adopted in this study based on the first-principle
calculation reported earlier.102)
3.2 Effect of straining under high pressure
Intense strain was introduced under three different nominal
pressures, 6, 7 and 8.5GPa, and the corresponding X-ray
profiles are shown in Fig. 7(a)­(c), respectively. Each
includes the X-ray profiles before and after application of
pressure (loading), after straining by HPS processing and
after releasing the pressure (unloading) following the HPS
processing. It should be noted that the samples used for this
examination were the strips subjected to annealing at 800°C
for 1 h in an evacuated tube after extracting from the as-
received pure Ti sheet. Thus, only the peaks from the ¡ phase
are visible in all the profiles before loading. Besides the peak
shift due to the application of high pressure, no peak from ½
phase appears after HPS processing under 6GPa. The peaks
corresponding to the ½ phase appear after applications of
7 and 8.5GPa. For the application of 7GPa, the trans-
formation to the ½ phase appreciably occurs after straining
by the HPS processing. For the application of 8.5GPa, the
transformation further occurs after loading to 8.5GPa, and it
is more pronounced after straining by the HPS processing.
The ½ phase peaks after releasing the pressures are still
visible. This suggests that straining is effective for the
transformation to the ½ phase.
White X-rays were further used instead of the mono-
chromatic X-ray to examine the effect of straining under high
pressures. The X-ray profiles are then shown in Fig. 8(a)­(c)
as a function of the X-ray energy for the nominal pressures of
6, 7 and 8.5GPa, respectively. When compared with the ones
acquired with monochromatic X-rays shown in Fig. 7(a)­(c),
it is found that the peak broadening is well reduced.
Nevertheless, the trend observed in Fig. 7 well holds: no ½













































HPT: T = R.T., ω = 0.25 rpm
N = 4
2θ (deg)
P = 6 GPa
3.5 4 4.5 5 5.5 6 6.5 7 7.5
Monochromatic X-ray
Fig. 5 X-ray profiles for HPT-processed sample before heating, during heating to 170°C and after cooling to room temperature.
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the HPS processing, but it forms after the application of
7GPa and more appreciably after further straining by the
HPS processing under 7GPa. The formation of the ½ phase is
marked when the pressure is applied and the HPS processing
is operated under 8.5GPa. The ½ phase remained after
unloading from both 7 and 8.5GPa. It should be noted that
diamond (111) + SiC (012) peaks appeared in the X-ray
profiles upon application of loads and after straining by HPS
processing. As commented in association with Fig. 6, this
is because the space between the upper and lower anvils
was reduced due to the loading and straining so that the
illumination of the X-ray included a part of the anvils.
3.3 Microstructures after strained by HPS
Microstructures observed by TEM after HPS processing
under nominal pressures of 6 and 8.5GPa are shown in
Fig. 9(a) and (b), respectively, where bright-filed images are
given on the left and dark-field images are on the right.
Selected area electron diffraction (SAED) patterns are at the
center with the diffraction spots indicated by the arrows for
the dark-field images. The grain sizes measured from the
dark-field images are ³250 and ³110 nm, respectively. The
grain boundaries are not well defined, which are typical of the
samples subjected to SPD process. The misorientation angle
may not be sufficiently large but ultrafine-grained structures
are well developed as expected from SPD processing. It
should be noted that the bright areas in the dark field image
in Fig. 9(a) correspond to the ¡ phase based on the X-ray
profiles in Fig. 8(a). However, the identification is not
possible for those in Fig. 9(b) because the diffracted beams
of (002) and (011) for the ¡ phase and of (110) and (011)
for the ½ phase are too close to each other to distinguish due
to insufficient resolution in the diffraction pattern.
4. Discussion
According to the temperature-pressure phase diagram
shown in Fig. 2,89) the pressure of 6GPa at ambient
temperature are within the region where the ½ phase is
stable. However, no ½ phase was detected in the X-ray
profiles as shown in Fig. 7(a) and Fig. 8(a). In order to make
a rigorous evaluation, it is necessary to estimate the true
pressure applied on the strip sample. It is more likely that the
pressure should be overestimated because the strip sample
were compressed between the upper and lower anvils in a
semi-constrained condition. The material was then flown out
between the anvils during compressing and during straining
in the HPS facility.
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where ¢0 = 111.0GPa and ¢0A = 3.48 for ¡ Ti, and © = µ/µ0
is the ratio of the densities under applied and ambient
pressures (µ and µ0), respectively. This ratio can be equated
as © = (d0/d)3 where d0 and d are the lattice spacings at the
corresponding conditions.
The pressures calculated using eq. (1) for the applications
of 6, 7 and 8.5GPa are shown in Fig. 10 for (a)
monochromatic X-ray and (b) white X-rays. The calculation
includes the pressures after straining by HPS processing. Two
peaks from the ¡ phase, (010)¡ and (012)¡, were used for this
calculation. The following four points should be noted in
association with Fig. 10.
(1) There is no significant difference in the pressure








HPT: T = R.T., ω = 0.25 rpm
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Monochromatic X-ray
Fig. 6 X-ray profiles under loading of 50 kN (nominal pressure of 7GPa) for HPT-processed sample before heating, during heating to
170°C and after cooling to room temperature. X-ray profiles before loading and after loading are also included.
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(2) The calculated pressures are invariably lower than the
applied nominal pressures, indicating that the nominal
pressure derived from the load divided by the area was
overestimated. It is considered that this overestimation
is attributed to the overflow of the materials towards
the space between the upper and lower anvils due to
a semi-constrained condition. A similar overestimation
was also reported for HPT processing.110)
(3) The nominal pressures slightly decreased upon straining
by the HPS processing and this must be due to an
occurrence of misalignment caused by the horizontal
movement of anvils with respect to each other. This
tendency is also the case for the calculated pressure, and
the decrease in the calculated pressure can be caused by
the decrease in the nominal pressure.
(4) The pressure calculated using the monochromatic X-ray
under the nominal pressure of 8.5GPa is significantly
lowered. Referring to Fig. 7 and Fig. 8, peak broad-
ening was prominent for the use of monochromatic
X-ray especially under 8.5GPa, while it was well
reduced with the white X-rays. This is attributed to a
change in camera length due to an intense overflow for
the monochromatic X-ray, despite the fact that the
camera length was adjusted at the mid position of the
sample width using CeO2 powders before the measure-
ments. The white X-rays are less susceptible because
only the X-rays diffracted at the mid position of the
sample width were detected by the Ge-SSD through
the collimator as illustrated in Fig. 4(b).
All the calculated (true) pressures are plotted against the
nominal pressures in Fig. 11, where for the horizontal axis,
the slight decrease in the nominal pressure upon straining
by HPS processing was taken into account. The equi-line
representing the nominal pressure equal to the true pressure is
delineated in Fig. 11. It is apparent that the nominal pressure
was overestimated (by about 1.7 times) as all data points are
located below the equi-line. The overestimation appeared to
Fig. 7 Profiles acquired using monochromatic X-ray under three nominal
pressures: (a) 6GPa, (b) 7GPa and (c) 8.5GPa. X-ray profiles before
loading, after loading, after straining by HPS processing and after













   











   











   









Fig. 8 Profiles acquired using white X-rays under three nominal pressures:
(a) 6GPa, (b) 7GPa and (c) 8.5GPa. X-ray profiles after loading, after
straining by HPS processing and after releasing pressures are included.
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be more significant when the applied (nominal) pressure is
lowered.
Figure 12 summarizes the results of this study with the
information regarding the presence or the absence of the ½
phase. It should be noted that the data points obtained under
the nominal pressure of 8.5GPa and straining are excluded in
Fig. 12 because of the ambiguity involved in the measure-
ment as mentioned above. Figure 12 includes, for reference,
the phase boundary between the ¡ phase and the ½ phase
drawn by Hennig et al.89) When the ½ phase was present, the





Fig. 10 Pressures calculated using lattice spacings of d(010)¡ and d(012)¡
for (a) monochromatic X-ray and (b) white X-rays including nominal






Fig. 9 TEM microstructures after HPS processing under (a) 6GPa and (b) 8.5GPa: bright-field images (left), dark-field images (right) and
selected area electron diffraction patterns (center) with diffraction spots indicated by arrows.
Fig. 11 Plots of true pressures calculated using X-ray peaks corresponding
to d(010)¡ and d(012)¡ vs. nominal pressures. Slight decreases in nominal
pressure are taken into account.
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when the ½ phase was not detected. The marks are also
distinguished between the cases of mere loading and loading
plus intense straining using square and circular symbols,
respectively. The following two points should be noted. First,
the ½ phase was detected after mere loading with more than
³4.5GPa but only the ¡ phase was detected below it.
Second, the transformation pressure from the ¡ phase to the
½ phase is shifted to a lower pressure as ³2.5GPa when
the intense strain by the HPS processing is introduced. Thus,
the introduction of strain assists the transformation from the
¡ phase to the ½ phase and lowers the transformation
pressure. In addition, the present analysis showed that the ½
phase remained exist even after unloading. Several reports
are available to verify this.96­107) Levitas reported that the
strain-assisted phase transformation occurred through stress
concentration due to pile-up of dislocations.52)
Figure 12 includes the results obtained from the temper-
ature increase under ambient pressure and the application
of nominal pressure of 7GPa which is now ³4GPa. The ½
phase produced by HPT processing transformed back to the
¡ phase when the temperature increased to more than 110°C
as shown in Fig. 5. However, under the true pressure of
³4GPa (nominal pressure of 7GPa), the reverse trans-
formation from the ½ phase to the ¡ phase did not occur even
as the temperature increased to 170°C as shown in Fig. 6.
This is consistent with the new phase boundary determined in
the present study, as depicted in Fig. 12 which indicates that
the ½ phase is stable in a higher temperature range including
170°C when the strain exists. However, under ambient
pressure, the ¡ phase is stable so that the transformation of
the ½ phase to the ¡ phase occurred through the assistance
of thermal energy. Adachi et al.105) reported from electrical
resistivity measurements and calorimetric measurements that
the reverse transformation from the ½ phase to the ¡ phase is
controlled by self-diffusion of Ti. It is considered that the
stress concentration through dislocation pile-up was released
by the recovery of dislocations which were acting on the ½
phase to keep its crystal structures.
Importance of the in situ X-ray analysis is that it is
possible to evaluate the true pressure so that ambiguity is less
involved in the pressure measurement. As presented in this
study, the pressure was overestimated because of the
overflow of materials, and this is not only the case of HPS
processing but also the case of the HPT processing.
Furthermore, there exists a variation of pressure within the
sample as simulated by Pereira and Figueiredo111) for HPT
processing. Nevertheless, it is an advantage of the in situ
high-energy X-ray analysis that the existence of the ½ phase
is evaluated by the real pressure applying on the material.
5. Summary and Conclusions
This study successfully conducted in situ high-energy
X-ray diffraction (XRD) analysis for the allotropic trans-
formation of pure Ti using a process of high-pressure sliding
(HPS). The HPS facility developed earlier for severe plastic
deformation under high pressure was modified for the in situ
high-energy XRD analysis in SPring-8. The phase trans-
formation was examined in terms of temperature, pressure
and imposed strain. The conclusions were reached as follows.
(1) The ½ phase produced by high-pressure torsion under
6GPa for 4 turns began to transform to ¡ phase when
it was heated at temperatures more than ³110°C under
ambient pressure. However, when heated under a true
pressure of ³4GPa, the ½ phase remained stable up
to ³170°C covered in this study. These results were
consistent with the pressure-temperature phase diagram
in the influence of strain. The results also suggest that
the reverse transformation from the ½ phase to the ¡
phase is controlled by thermal energy.
(2) The true pressure applied on the sample was estimated









































Fig. 12 Plots of true pressures presenting formation of ½ phase upon loading and upon loading plus straining. Results after temperature
increase under ambient pressure and application of ³4GPa for samples containing ½ phase produced by HPT processing. Phase
boundary reported by Hennig et al.89) is delineated.
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pressure, which was determined by the applied load
divided by the initial area, was overestimated. The
overestimation resulted in about 1.7 times and this was
due to an overflow of the material between the upper
and lower anvils in a semi-constrained condition.
(3) The overflow of the material caused a local variation
of applied pressure so that peak broadening occurred.
This peak broadening was reduced by the use of white
X-rays.
(4) The transformation to the ½ phase was promoted when
strain was introduced by the HPS processing. The ½
phase stays stable even after unloading when the sample
was processed by HPS. The straining was effective to
promote the transformation of ¡ phase to ½ phase and
to maintain the ½ phase even at ambient pressure. This
was considered to be due to stress concentration
developed through dislocation pile-up during the
deformation.
(5) The advantage of the in situ high-energy X-ray analysis
is that the phase transformation is evaluated by the true
applied pressure without overestimation.
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